
National  Aeronautics and Space Adminis t ra t ion 
Goddard Space F l i g h t  Center 

Contract No.NAS-5-12487 

ST -CLG -1GA -10703 

REQUIREMENT OF NEUTRAL HYDROGEN PERIOD 

I N  THE EVOLUTION OF THE UNIVERSE 

GPO PRICE $- 
R .  A.  Syunyayev 

N 
0 

I (ACCESSION NUMBER) (THRU) 
m 

a. 6 P 

16 APRIL 1968 

. .  



ST- CLG- I G A -  10703 

REQrJTREMENT OF NEUTRAL HYDROGEN PERIOD 
I N  THE EVOLUTION OFTHE UNIVERSE 

-___ - 

Doklady A.N.  SSSR, 
A s  tronomiya 
Tom 179, No.1, 
I z d a t e l ' s t v o  "NAuKA" , 1968. 

45 - 47, 

by R .  A. Syunyayev 

SUMMARY 

The hot  model Universe i s  considered,  d i scuss ing  success ive ly  t h e  energy 

, examining t h e  hea t ing  o f  g a s  and t h e  background of t h e  radiowave band, 
l o s s e s  by t h e  hot  plasma, radioemission i n  t h e  g a l a c t i c  medium, determining 

I t  i s  shown t h a t  hydrogen i s  n e u t r a l  f o r  z < 1300 bu t  > 300, and t h a t  t h e  fo r -  
max z 

mation of  va r ious  o b j e c t s  took place f o r  z 

* 
* *  

< 300. 

I n  t h e  ho t  model Universe ,  cor robora t  d by recent  r a d i o  obs r v a t i o n s  ( s e e  
review [l]), it i s  assumed t h a t  during t h e  ea r l i e r  s t a g e  of expansion, t h e  
f u l l y  ion ized  plasma i s  i n  equi l ibr ium wi th  t h e  emission. Cooling a t  expan- 
s i o n  l eads  t o  hydrogen recombination f o r  T Q 4000'K and z % 1300 **. 
gen expands f u r t h e r ,  it must remain n e u t r a l .  Observation i n  t h e  2 1  cm l i n e  
and measurements of  absorp t ion  i n  t h e  Ly-a l i n e  i n  s p e c t r a  of remote quasars  
p 2 i n t  t o  t h e  absence of  n e u t r a l  i n t e r g a l a c t i c  hydrogen. The t o t a l  gas conden- 
s a t i o n  i n  t h e  galaxy i s  d i f f i c u l t  t o  f i g u r e  out and t h i s  i s  why it i s  consider-  
ed -that t h e  absence of n e u t r a l  hydrogen p o i n t s  t o  a high degree of i o n i z a t i o n ,  
and ,  as a consequence of t h i s ,  t o  a high e l e c t r o n  temperature  of t h e  in t e rga -  
l a c t i c  gas .  Moreover, contemporary t h e o r i e s  of galaxy formation po in t  i n d i r e c t -  
l y  t o  t h e  n e c e s s i t y  of prel iminary gas  hea t ing .  It i s  assumed i n  [ 2 ]  t h a t  gas 
w a s  hea ted  f o r  z % 10 - 20, b u t  t h e  au thor  of r e fe rence  [31 cons iders  t h a t  gas 
h e a t i n g  took p l ace  f o r  z 'L 100, while i n  [ 4 1  it i s  a sc r ibed  t o  z > 10 . Taking 
i n t o  account t h e  unce r t a in ty .  o f  t h e  choice ,  it makes sense t o  provide i f  only 
a rough, bu t  m a x i m u m  estimate of 2, a t  which hea t ing  took p lace .  Analysis  of 
t h e  energy balance of i n t e r g a l a c t i c  gas and of t h e  a v a i l a b l e  experimental  d a t z  
on i t s  radioemission shows t h a t  hea t ing  could not  have taken p l ace  e a r l i e r  thar, 
z 'L 300,  i .  e .  f o r  300 < z < 1300 gas  w a s  n e u t r a l .  The s i g n i f i c a n t  energy 

A s  hydro- 
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(**) s e e  Note a t  t h e  end of t h e  paper 
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losses by t h e  plasma l e a d  t o  t h e  necessa i ty  of reworking i n t o  helium more than  
30% of all t h e  matter i n  o rde r  t o  s u s t a i n  for  z > 300 a high tempera ture ,  and 
t h i s  i s  i n  con t r ad ic t ion  wi th  the  observa t ion  da ta .  A s  t o  temperature  decrease ,  
it l e a d s  t o  con t r ad ic t ion  wi th  t h e  observed background emission i n  t h e  radiowave 
band. 

1. ENERGY LOSSES BY HOT PLASMA. When z > 6 ,  t h e  p r i n c i p a l  r o l e  i n  cool ing  
of  i n t e r g a l a c t i c  gas  i s  played by energy l o s s e s  of e l e c t r o n s  a t  inve r se  Compton- 
e f f e c t  i n  r e l i c t  r a d i a t i o n  [ 5 ,  61 

s e c  

where cro i s  t h e  Thomson s c a t t e r i n g  c ross -sec t ion ;  E i s  t h e  energy d e n s i t y  
of r e l i c t  r a d i a t i o n .  It i s  evident  t h a t  i f  W i s  t h e  t o t a l  p o s s i b l e  energy l i - .  
b e r a t i o n  pe r  gram of matter, we have 

Y 

where zmax c h a r a c t e r i z e s  t h e  beginning of  hea t ing .  

2. RADIOEMISSION OF IITJ’ERGALACTIC MEDIUM. The volumetr ic  r a d i a t i o n  
f a c t o r  of helium-hydrogen plasma (30% H e ,  70% H i s  t h e  chemical composition 
f o r e c a s t  by t h e  ho t  model) f o r  f ree- f ree  t r a n s i t i o n s  i s  

e,f(v, z )  == 6. 1O--~BgT-’/l(z)e-’”cii-:).’kT(:) n o 2 ( 1  $ - z ) ~  erg/cm3. s e c .  s te r -  hz.  ( 3 )  

We s h a l l  assume t h e  Gaunt f a c t o r  t o  be 10: for Itv<I;T g=-(ln-- vj 4kT 0,577). 
.I I1 v 

Sirice 
p l ane ,  which must f a c i l i t a t e  i t s  i d e n t i f i c a t i o n :  

In‘<.- kl, t h e  radioemission spectrum of i n t e r g a l a c t i c  plasma must be 

E,, ( 2 )  = . 1 0 - 4 s  Q~17-’’s ( z )  (1 + z ) ~  erg /cm se c - s t e r  . hz (4) 

The radioemission f lux  of i n t e r g a l a c t i c  gas i s  [7 ]  

where 12, i s  t h e  b r igh tness  temperature o f  background emission.  
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3. ~E~1’~ : IcMINATION O F  zmax. We have a system of  two func t iona l s :  

which provides  t h e  p o s s i b i l i t y  of determining Zmax f o r  t h e  extreme T ( z )  ( i . e .  
such t h a t  f o r  any o t h e r  func t ion  T ( z ) ,  zmax w i l l  be smaller than  t h e  t h a t  
found) .  The extreme of t h e  func t iona l  

zmnx 

where K i s  an undetermined Legrange m u l t i p l i e r ,  i s  t h e  func t ion  

T ( 2 )  = ( Q t / 2 1 i ( l  + 2))z /1.  

It i s  evident  t h a t  t h a t  t h e  main con t r ibu t ion  t o  i n t e g r a l s  ( 6 )  and ( 7 )  
a t  such a form of func t ion  T ( z )  is  made by g r e a t  2, and t h i s  i s  why _-- l / t  -b 612 Q‘!2,’1:. 

Resolving t h e  system (6) and (71, we f i n d  t h a t  t h e  m a x i m u m  zmax i s  a t t a i n e d  
a t  K = B/2A and T’(z)  = ( A  1 B):/&‘132-‘:3, while  t h e  very zmar = 1,39(A”4 / Q5)’/11. 

4. HJJTING-OF_G_AS. The a c t u a l  helium content  (‘L 30% by mass) i n  va r ious  
o b j e c t s ,  such as t h e  i n t e r s t e l l a r  medium, most of stars,  o t h e r  g a l a x i e s ,  cosmic 
r a y s  e t c ,  shows t h a t  during i n t e r g a l a c t i n g  gas  hea t ing  t h e  l i b e r a t i o n  of  energy 
d i d  not  exceed W, = 2 *lo” ergs/g.  
(W < 3 e r g s / g )  t h e  energy l i b e r a t e d  can be neglected:  t h e i r  abundancc i s  
low (% 2% by mass). 
t h e  condensation of  g a l a x i e s  and g a l a c t i c  c l u s t e r s ,  provides  a con t r ibu t ion  of  
no more than  W = GM/R = 3 * 1014 e rgs /g  ( t h e  r a d i u s  of t h e  galaxy being R ’L 1 kps .  
and t h e  mass M = lo1’ M o l ;  t h e  energy l i b e r a t i o n  of  our  contemporary powerful 
o b j e c t s  (quasa r s ,  quas i -  and r ad ioga lax ie s )  i s  poss ib ly  of no t  nuc lear  o r i g i n ,  
b u t  it is i n s i g n i f i c a n t  by comparison wi th  t h e  above f i g u r e s ;  moreover, t h e  
count ing  of weak rad iosources  poin ts  t o  t h e  presence of a boundary z (% 2 - 41, 
beyond which t h e r e  are no sources [ 81. Sub-cosmic rays  might have appeared 
only  as a r e s u l t  o f  explosion of va r ious  o b j e c t s ,  i. e .  t h e i r  energy has  a l ready  
been accounted f o r .  

During t h e  formation of  heavy elements 

The g r a v i t a t i o n a l  energy,  having been l i b e r a t e d  during 

The hot  model Universe fo recas t s  i n  t h e  matter not  having passed through 
t h e  s t e l l a r  stage 
W, = 3 * 1017 e r g s / g  could have gone t o  gas hea t ing ,  which corresponds t o  repro-  
ces s ing  i n t o  helium of % 5% of t h e  mat te r .  
con t r ibu t ion  t o  chemical composition of g a l a x i e s  by stars of  f i r s t  genera t ion  
and i f  w e  r e c a l l  t h e  e f f i c i e n c y ,  t h e  estimates of  energy expended on i n t e r g a l a c -  
t i c  plasma hea t ing ,  may be lowered at least  t o  W, = 3 

t h e  presence o f  28 t o  30% of helium [l], i .  e .  no more than  

But i f  w e  take i i i to  account t h e  

10l6 “rg/g.  



1 i n t o  account t h e  r e l i c t  r a d i a t i o n  TR 
and t h e  g r e a t  i n c l i n a t i o n  of  t h e  spec- 
trum of g a l a c t i c  and i s o t r o p i c  meta- 
g a l a c t i c  compontnt of  t h e  radioback- 
ground T 1 [ 111, we s h a l l  f i n d  the  
upper l i m i t  of  gas '  thermal  radio- 0,3 

' 0 , l  
0,03i emission T,: 

where a = (610 / 404)27  * O 2  and b = (610 / 404)2 

e rgs /g  

'I I ;I; I 3,f; - -  
270 190 125 
465 310 205 
76; 560 ::oo * 

1200 G30* 27u* 
- ___ - - 

From (5 ' )  and (10') w e  obta in  t h a t  ~~(610) < 1°K, i. e .  t h a t  radioemission 
flux of  t h e  i n t e r g a l a c t i c  plasma can not  exceed 

1, = 21c7'2(v) /b2 10-1Yerg/cm2 . sec .hz . s t e rad .  

A somewhat rougher estimate can be obtained by comparing t h e  d a t a  on measurements 
of  r e l i c t  r a d i a t i o n  i n  0.254 and 20.7 cm, and a l s o  at a n a l y s i s  of con t r ibu t ion  
by va r ious  sources  t o  t h e  m i n i m u m  b r igh tness  temperature  of radiosky i n  178 
and 404 Mc/sec. 

6.  RESULTS. - . ... - Compiled i n  Table 1 a r e  t h e  values  of  Zmax f o r  var ious  R and 
W ( 5 2  = 0.035 corresponds t o  t h e  observed ma t t e r  i n  t h e  g a l a x i e s ) .  

Since z of  hydrogen recombination does n o t  p r a c t i c a l l y  depend on R ,  it 
fol lows from-the d a t a  o f  Table 1 t h a t  t h e  pe r iod  of n e u t r a l  hydrogen i s  requi -  
r e d  even at m a x i m u m  p o s s i b l e  energy l i b e r a t i o n  f o r  matter dens i ty  i n  t h e  Universe,  
s o  long  as it i s  n o t  i n  con t r ad ic t ion  with observa t ions .  The energy l i b e r a t i o n  
W could  not exceed 3 * 10l6 ergs /g  ( s e e  s e c t i o n  41, and t h i s  i s  why a t  z < 1.300 
b u t  > 300, hydrogen w a s  n e u t r a l  and t h e  formation o f  var ious  ob jec t s  began for 
z < 300. 

The au thor  expresses  h i s  g r a t i t u d e  t o  Y a .  B .  Zel 'dovich and G.  B. Sholo- 
m i t s k i n  f o r  t h e  d iscuss ions  and t o  J .  R .  Shakeshaft  f o r  information on new mea- 
surements .  
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NOTE : (**) from page 1. 
where p 

Let us introduce parameters Cl and 2: R = 2qo -=-$6* 2 - g/cm3. 
5 

ncrit = 10- 
l a w  n = no ( 1 + z )  
brium radiation is T = To(l + z ) ;  the time from the beginning of expansion is 
t = t o  ( 1  + 2 )  - 3 2 ,  

in the Universe; To = 3OK 
= 3 - 10l7 sec (Ho = 100 km/sec Mps is the Habble @ constant) andX, is the wave- 
length of the received emission. 

- at Universe expansion the density varies according to the 
x(l + z )  ; the temperature of equili- the wavelength A ,  = 

is the contemporary mean density of matter where no = Rcrit 
is the temperature of relict radiation; to % Hoe’ =5 

@ the right spelling could not be ascertained 


